M etabolic acidosis is frequently found in patients with severe sepsis and septic shock (1, 2) . Several studies have shown that the amount of metabolic acidosis measured by the standard base excess (SBE) at hospital admission and its evolution throughout the first days of intensive care unit (ICU) stay are correlated with clinical outcome (3, 4) . However, the precise composition of the metabolic acido-sis in patients with severe sepsis and septic shock is not well known.
In recent years, a physicochemical approach to acid-base disturbances has been increasingly applied to clinical practice, especially in the critically ill population (5) . This approach facilitates a quantitative description of complex metabolic acid-base disorders (6) . Using this methodology, some clinical conditions such as acute renal failure (7) , postcardiopulmonary arrest (8) , and hepatic cirrhosis (9) have already been detailed.
The aim of this study was to describe the composition of metabolic acidosis of patients with severe sepsis and septic shock at ICU admission and throughout the first 5 days of ICU stay by applying the quantitative physicochemical methodology. Specifically, we tested the hypothesis that survivors and nonsurvivors of sepsis would exhibit different types of metabolic acidosis.
PATIENTS AND METHODS
Patients and Sampling. The study was conducted in the 12-bed mixed medical and sur-gical ICU of Hospital Universitario of the University of Sao Paulo in Brazil. Data collection for this study was approved by the local Institutional Ethics Committee. Informed consent was obtained from the healthy volunteers and patients or from patients' next of kin.
Patients were considered eligible for the study if they had a diagnosis of severe sepsis or septic shock according to the current definition (10) with less than 24 hrs of organ dysfunction. Inclusion took place at the moment of ICU admission. Data were prospectively collected daily until the fifth day after inclusion, death, beginning of renal replacement therapy, or ICU discharge. In the primary analysis, all patients were studied taking into account the first and last days of the study (as defined previously). In a secondary analysis, only those patients who survived for 5 days (120 hrs) or more were studied, and for this group, day-byday analysis was performed during these 5 days.
Single arterial blood samples collected from ten healthy adult volunteers were used as the control group.
Arterial samples were collected in heparinized syringes and analyzed with a blood-gas analyzer (OMNI C; Roche Diagnostics System, F. Hoffmann-La Roche Ltd, Basel, Switzerland). The analyzer measured samples at 37°C.
Objective:
To describe the composition of metabolic acidosis in patients with severe sepsis and septic shock at intensive care unit admission and throughout the first 5 days of intensive care unit stay.
Design: Prospective, observational study. Setting: Twelve-bed intensive care unit. Patients: Sixty patients with either severe sepsis or septic shock.
Interventions: None.
Measurements and Main Results: Data were collected until 5 days after intensive care unit admission. We studied the contribution of inorganic ion difference, lactate, albumin, phosphate, and strong ion gap to metabolic acidosis. At admission, standard base excess was ؊6.69 ؎ 4.19 mEq/L in survivors vs. ؊11.63 ؎ 4.87 mEq/L in nonsurvivors (p < .05); inorganic ion difference (mainly resulting from hyperchloremia) was responsible for a decrease in standard base excess by 5.64 ؎ 4.96 mEq/L in survivors vs. 8.94 ؎ 7.06 mEq/L in nonsurvivors (p < .05); strong ion gap was responsible for a decrease in standard base excess by 4.07 ؎ 3.57 mEq/L in survivors vs. 4.92 ؎ 5.55 mEq/L in nonsurvivors with a nonsignificant probability value; and lac-tate was responsible for a decrease in standard base excess to 1.34 ؎ 2.07 mEq/L in survivors vs. 1.61 ؎ 2.25 mEq/L in nonsurvivors with a nonsignificant probability value. Albumin had an important alkalinizing effect in both groups; phosphate had a minimal acid-base effect. Acidosis in survivors was corrected during the study period as a result of a decrease in lactate and strong ion gap levels, whereas nonsurvivors did not correct their metabolic acidosis. In addition to Acute Physiology and Chronic Health Evaluation II score and serum creatinine level, inorganic ion difference acidosis magnitude at intensive care unit admission was independently associated with a worse outcome.
Conclusions: Patients with severe sepsis and septic shock exhibit a complex metabolic acidosis at intensive care unit admission, caused predominantly by hyperchloremic acidosis, which was more pronounced in nonsurvivors. Acidosis resolution in survivors was attributable to a decrease in strong ion gap and lactate levels. (Crit Care Med 2009; 37:2733-2739) KEY WORDS: metabolic acidosis; base excess; strong ion difference; hyperchloremia; unmeasured anions; sepsis; septic shock
We collected the following data from the analyzer output: pH, partial pressure of carbon dioxide, bicarbonate, SBE, and ionized calcium. The machine calculated the bicarbonate concentration using the Henderson-Hasselbalch equation. SBE was calculated according to the Siggaard-Andersen (Van Slyke) equation. Further arterial samples were also analyzed for sodium, potassium, total magnesium, chloride, albumin, phosphate, and lactate levels (ADVIA 1650; Bayer, Tarrytown, IL). Plasma sodium, chloride, and potassium were measured using ion-selective electrodes. Plasma magnesium was measured using a xylidyl blue colorimetric technique, plasma phosphate using a phosphomolybdate complex colorimetric technique. Plasma albumin was measured by bromocresol green dye binding and blood lactate by the enzymatic method. Urinary samples were collected daily and analyzed for sodium, potassium, and chloride levels to calculate urinary strong ion difference and urinary creatinine to calculate creatinine clearance.
Conceptual Framework for the Interpretation of Quantitative Acid-Base Analysis. Quantitative physicochemical analysis was performed with Stewart's quantitative physicochemical methods as modified by Figge et al and others (5, 11) . In this approach, H ϩ concentration and, hence, pH, is determined by three independent variables: strong ion difference (SID), total concentration of weak acids, and PCO 2 . This method initially involves the calculation of the apparent strong ion difference (SIDa):
Because lactate is an independent determinant of mortality in critically ill patients at ICU admission (4, 12), the apparent SID was "partitioned" into inorganic ion difference
and lactate plasma level.
Alternatively, one can calculate SID by taking into account the role of weak acids (albumin and phosphate) and CO 2 in the balance of electrical charges in plasma water. This method results in the effective strong ion difference (SIDe). The formula for effective SID as determined by Figge et al (11) is as follows:
(PCO 2 is measured in mm Hg, albumin in g/L, and phosphate in mmol/L.)
The apparent SID Ϫ effective SID should equal 0 (electrical charge neutrality) unless there are unmeasured charges to explain this "ion gap." Such charges are described by the strong ion gap (SIG).
SIG ϭ SIDa Ϫ SIDe
A positive value for SIG must represent unmeasured anions (sulfate, keto acids, citrate, pyruvate, acetate, gluconate, and so on), which must be included to account for the measured pH. Because SBE defines the change in SID when total concentration of weak acids is constant (13) , we analyzed the SBE as a function of SIG, lactate, inorganic ion difference, albumin, and phosphate (14) . Therefore, we considered SBE as the metabolic acidosis marker and the variation of physicochemical partitions of SIG, lactate, inorganic ions difference, albumin, and phosphate as the determinants of SBE changes. (All ions are expressed in mEq/L.) The Attributable Standard Base Excess. To determine the impact of the disturbances of SIG, inorganic ion difference, lactate, phosphate, and albumin on the measured SBE, we defined an attributable SBE for each variable, as previously described (8) . Each attributable SBE value is presented as the difference between the mean charge of cited variables (in ionized form) in both the study group and healthy control group. A negative attributable SBE value suggests an acidifying effect and a positive value an alkalinizing effect. For instance, a lactate level of 2 mEq/L, when com- Multivariate analysis was performed using binary logistic regression model (backward selection) using hospital mortality as the dependent variable. All independent variables were collected at the ICU admission. The multivariate analysis selection criteria from the univariate analysis were: absence of collinearity or multicollinearity (when either collinearity or multicollinearity was present, the most appropriate variable was chosen, based on clinical relevance and study interest) and p Ͻ 0.25 in Figure 2 . Standard base excess determinants during the first 5-day evolution in patients with severe sepsis and septic shock who survived 120 hrs. A, The inorganic ion difference evolution (general linear model within factor p ϭ .894; between factor p Ͻ .001; and factor vs. time interaction p ϭ .862). B, The effective strong ion difference (SID) evolution (general linear model within factor p ϭ .134; between factor p Ͻ .001; and factor vs. time interaction p ϭ .710) and (C) the strong ion gap (SIG) evolution (general linear model within factor p ϭ .636; between factor p ϭ .025; and factor vs. time interaction p ϭ .268). D, The total concentration of weak acid evolution (general linear model within factor p ϭ .794; between factor p Ͻ .001; and factor vs. time interaction p ϭ .989). E, The plasma lactate evolution (general linear model within factor p ϭ .005; between factor p ϭ .065; and factor vs. 
RESULTS
From September 2004 to November 2005, 60 patients were included in the study; all patients were admitted from the emergency room of our hospital. Table 1 shows the general characteristics of patients. Control variables were extracted from ten healthy volunteers (eight men and two women), aged 34 Ϯ 6 yrs, and are shown in Table 2 . Table 2 also shows the acid-base status of patients on the first and last days. All results were categorized according to hospital mortality. All patients had serum albumin below 4 g/dL level at admission and throughout the study period. At admission, the albumin serum level was 2.47 Ϯ 0.50 g/dL in the survivors' group and 2.19 Ϯ 0.54 g/dL in the nonsurvivors' group (p ϭ .06).
At admission, sodium concentration was 140 Ϯ 5 mEq/L in the survivors' vs. 140 Ϯ 5 mEq/L in the nonsurvivors' group (p ϭ .728) and chloride concentration was 111 Ϯ 7 mEq/L in the survivors' vs. 115 Ϯ 8 mEq/L in the nonsurvivors' group (p ϭ .048). By the end of the study period, sodium concentration was 141 Ϯ 4 mEq/L in the survivors' vs. 141 Ϯ 5 mEq/L in the nonsurvivors' group (p ϭ .890) and chloride concentration was 112 Ϯ 6 mEq/L in the survivors' vs. 115 Ϯ 6 mEq/L in the nonsurvivors' group (p ϭ .039). Normal values obtained from the healthy volunteers were sodium ϭ 141 Ϯ 1 mEq/L and chloride ϭ 106 Ϯ 2 mEq/L. Table 3 shows the results of the univariate analysis and the multivariate binary logistic regression model with hospital mortality as the dependent variable. The independent variables, apart from the quantitative acid-base variables, were chosen according to their clinical significance. In the multivariate analysis, the selected independent variables (according to the previously described criteria) were: Acute Physiology and Chronic Health Evaluation II score, presence of septic shock at admission, Sequential Organ Failure Assessment score, serum creatinine level, SBE, inorganic ion difference, and albumin and phosphate serum levels. Among these variables, Acute Physiology and Chronic Health Evaluation II score, serum creatinine level, and inorganic ion difference were the independent predictors of hospital death in the multivariate analysis.
A subgroup of 48 patients survived for 5 or more days and for this group a dayby-day analysis was performed. Figures 1  and 2 show the daily evolution of acidbase parameters according to hospital survival. The contribution of each component for the SBE variation during the 5-day study is shown in Figure 3 . The daily renal variables are shown in Figure 4 .
DISCUSSION
By applying a quantitative approach, we were able to clarify the components of metabolic acidosis observed in patients with severe sepsis and septic shock. At admission, the metabolic acidosis seen in these patients is a complex disorder, primarily resulting from inorganic ion difference and SIG and partially attenuated by hypoalbuminemia. The degree of metabolic acidosis was more pronounced in the nonsurvivors as a result of the decreased inorganic ion difference, mainly attributable to more severe hyperchloremia. During the study period, survivors cleared their metabolic acidosis, correcting unmeasured anions and lactate, whereas nonsurvivors failed to do so. From a prognostic point of view, inorganic ion difference was the only acidbase variable associated with mortality at ICU admission in addition to Acute Physiology and Chronic Health Evaluation II score and creatinine serum level at ICU admission.
The amount of metabolic acidosis measured by SBE at admission (4) and evolution is correlated with clinical outcomes (3) . The change in SBE is directly related to the change in SID and total concentration of weak acids and SBE can be seen as an important variable common to various acid-base methodologies (13) . Accordingly, we have taken SBE as a numeric measure of metabolic acidosis and we have used SIG, inorganic ion differ- The statistical tests concern only the attributable SBE values. The bars represent SD. ence, lactate, and albumin and phosphate variations to explain changes in SBE, as previously described (14) .
There is no consensus in the literature about the clinical meaning of individual components of metabolic acidosis with the exception of lactate (4) . Although studies of ICU patients have failed to detect a significant effect on survival attributable to hyperchloremic acidosis (12) , hyperchloremia has been shown to cause hypotension, renal dysfunction, and increment in plasma cytokine levels (16, 17) . Our results are consistent with both these findings in that admission (ICU) hyperchloremia was associated with hospital mortality, whereas decreases in SIG and lactate over time were associated with survival. The occurrence of an initial hyperchloremia in this cohort might be attributable, partially, to pre-ICU admission exogenous chloride infusion (as normal saline); however, the larger magnitude of hyperchloremia found in nonsurvivors cannot be solely explained by this fact, because the amount of intravenous infusion was the same in the two groups. Part of the explanation can be related to the renal function, because the nonsurvivors already exhibited worse renal function at admission. For this last group, the same amount of saline may have caused a higher degree of hyperchloremia. Another reason for the lower SID resulting from inorganic ions comes from Kellum et al (18) who demonstrated that some degree of endogenous hyperchloremia happens in endotoxemic animals, not related to intravenous infusion or diminished renal excretion. These authors suggested a possible shift of chloride from the interstitial or intracellular compartments. In our patients, this shift may have been more pronounced in the nonsurvivors, possibly as a result of greater inflammation and capillary leak, although our methods preclude direct testing of this hypothesis.
Concerning the urinary findings, there were no statistically significant differences of urinary SID between or within groups. However, the urinary SID was persistently lower in the nonsurvivors, an unexpected result, because one could expect a higher urinary SID in the nonsurvivors' group as a normal compensation for lower plasma SID, as stated by Gattinoni et al, when applying the mass conservation concept (15) . This disparity might be explained by the renal dysfunction in the nonsurvivors' group, which did not allow them to develop an expected compensation.
Resolution of metabolic acidosis in the survivors over the study period could only be attributable to SIG and lactate, because high chloride levels persisted in both groups. In fact, in the survivors, hyperchloremia was the only acidifying component that remained unchanged and accounted for approximately 5 mEq/L on the last day. The improvement in SIG and lactate might be the result of better tissue perfusion, resolution of cellular dysfunction, or recovery of renal and hepatic clearance of these anions (19 -21) .
The present study has some limitations. First, we were not able to characterize the septic patients at the emergency room admission before they were given any intravenous fluid. This would have provided an important answer about the origin of early hyperchloremia. However, we believe that the characterization at the ICU admission is an important marker for therapeutic and prognostic follow-up. Second, for practical reasons, this study has only characterized the first 5 days of ICU stay; however, in our study as well as the early goal-directed therapy study by Rivers et al (22) , the base excess reached a normal value by the fifth day. Finally, the limited sample size does not allow us to draw any definitive conclusions concerning the multivariate analysis results; however, this was an exploratory analysis and its results have given us interesting clinical and physiologic hypotheses to be further studied.
CONCLUSIONS
Patients with severe sepsis and septic shock exhibit a complex metabolic acidosis, caused predominantly by a decrease in the inorganic ion difference at admission (mainly as a result of hyperchloremia), which was more pronounced in the nonsurvivors' group. During the study period, survivors corrected acidosis mainly through the clearance of unmeasured anions and lactate. Nonsurvivors did not clear their metabolic acidosis over this period.
